Solid-state nanopores can be used to detect nucleic acid structures at the single molecule level. An e-beam has been used to fabricate nanopores in silicon nitride and silicon dioxide membranes, but the pore formation kinetics, and hence its final structure, remain poorly understood. With the aid of high-resolution TEM imaging as well as TEM tomography we examine the effect of Si 3 N 4 material properties on the nanopore structure. In particular, we study the dependence of membrane thickness on the nanopore contraction rate for different initial pore sizes. We explain nanopore formation kinetics as a balance of two opposite processes: (a) material sputtering and (b) surface-tension-induced shrinking.
(Some figures in this article are in colour only in the electronic version) Nanometre-sized pores can be used to detect and characterize unlabelled biopolymers such as DNA, RNA and polypeptides, with single-molecule resolution. Initial experiments performed with the 1.5 nm pore α-Hemolysin (α-HL) demonstrated that single-stranded DNA and RNA molecules can be electrophoretically threaded through the pore, and that the ion current flowing through the pore contains information on the biopolymer sequence, its type, length and secondary structure (Kasianowicz et al 1996 , Akeson et al 1999 , Meller et al 2000 . In addition, the α-HL nanopores have been used to study the unzipping kinetics of DNA hairpin molecules under stationary or time-varying forces, to detect DNA hybridization kinetics and to study the interaction of DNA with bound proteins using nanopore force spectroscopy (Meller et al 2001 , Nakane et al 2002 , Meller 2003 , Bates et al 2003 , Wang et al 2004 , Mathe et al 2006 , Hornblower et al 2007 .
Solid state nanopores can be fabricated in free standing Si 3 N 4 and SiO 2 films, using Ar + ion beam (Li et al 2001) or electron beam sculpturing (Storm et al 2003) . Authors to whom any correspondence should be addressed. nanopores offer several advantages over phospholipidembedded protein channels: their size can be tuned with nanometre precision and they exhibit an increased mechanical, chemical and electrical stability. Recent studies using solid state pores have begun to emerge, demonstrating the detection of double-stranded and single-stranded DNA conformations (Li et al 2003 , Heng et al 2004 , Storm et al 2005a , 2005b ). E-beam fabrication involves contraction or expansion of nanoscale pores in thin Si 3 N 4 films (10-50 nm) using an intense electron beam in a field emission TEM (Kim et al 2006) . One of the main advantages of this method of fabrication is that the nanopores are constantly imaged, allowing the user to stop the contraction/expansion process when the desired size has been reached.
Despite progress made in nanopore fabrication the reproducibility of their size and shape has remained poor, partly due to the fact that the mechanism for the pore formation is not well understood, and the geometries have not been fully characterized nor controlled (Li et al 2001 , Chen et al 2004 , Storm et al 2003 . In this paper we seek to enhance our understanding of the three-dimensional structures of the solid state pores by employing transmission electron microscope (TEM) tomography, and characterizing the dynamics of nanopore formation at various thicknesses of the silicon nitride membranes. These studies are used to develop a model for nanopore dynamics, that involves nanopore expansion through molecule sputtering and surfacetension-induced contraction.
Fabrication begins with the formation of a DuraSiN™ silicon nitride membrane, 20 or 50 nm thick (Protochips Inc., Raleigh, NC) deposited across a 300 μm thick silicon wafer. The silicon nitride is deposited using low-pressure chemical vapour deposition (LPCVD) at a temperature of 825
• C using ammonia and dichlorosilane gases. The flow rate of the ammonia to dichlorosilane is approximately 1:5. This results in a silicon-rich nitride film, with a tensile stress in the range of 50-150 MPa. This stress is low enough to allow the formation of free standing membranes. A 50 μm×50 μm window is then fabricated on the silicon substrate wafer using photolithography and KOH wet etching. 50 nm thick membranes were further etched using a reactive ion etching (RIE) system (Nexx Systems, Inc., Billerica, MA) to generate 10, 30 and 40 nm thick membranes. Each silicon nitride membrane (10, 20, 30, 40 and 50 nm) has a thickness tolerance of 10% measured by Woollam spectroscopic ellipsometry (J A Woollam Co., Inc., Lincoln, NE). The nanopores can then be fabricated in this solid state material using a JEOL 2010F field emission TEM with an acceleration voltage of 200 keV.
The intense e-beam (10 8 -10 9 e nm −2 ) can be used to directly fabricate nanopores in the range of 4-8 nm diameter as previously reported (Storm et al 2003 , Krapf et al 2006 , Wu et al 2005 , Kim et al 2006 . For example, figure 1 shows an 8 nm diameter nanopore. Depending on the thickness of the membrane (20-50 nm), the pore formation time will vary between 5 and 60 s (thicker membrane, longer times). Nanopore contraction is achieved by slightly defocusing the ebeam, effectively reducing the peak intensity to ∼10 6 e nm −2 . This intensity is sufficient to fluidize the thin SiN membrane, inducing rapid nanopore contraction. Figure 2 shows a sequence of TEM micrographs to characterize the dynamics of the observed pore formation and contraction. The process enables us to tune the size of the nanopore with an accuracy of ±0.5 nm. With 1.5-2 nm diameter pores, high resolution analysis using local light sources and electrical signal readout can be accomplished to study the rapid characterization and sequencing of single-stranded DNA or RNA molecules. Holes with diameters in the range of 4-6 nm can be used to explore structures, dynamics and interactions of double-stranded DNA molecules.
In order to investigate the three-dimensional structure of solid state nanopores we utilized the JEOL 2200FS TEM tomography capabilities. The sample was imaged at 40 000× magnification, an underfocus of 2-4 μm, in a JEM2200FS equipped with an omega-type energy filter set to a slit width of 30 eV. Single-axis tilt series of 46 images were recorded from −45
• to +45
• with a tilt increment of 2
• using a Gatan Ultrascan 4k × 4k CCD camera in conjunction with the SerialEM automated tilt series acquisition software (Mastronarde 2003) . The final pixel size of the image was 1.24 nm after an interpolation of the image size. Image processing of the tilt series was carried out on a Linux workstation using the IMOD software suite (Kremer et al 1996) . Individual projection images of the tilt series were aligned with cross-correlation and the tomographic reconstruction was calculated by weighted back-projection.
When the high intensity electron beam impinges on the silicon nitride membrane, sputtering of the Si and N atoms can occur on both membrane sides. This sputtering can result in pore formation (Storm et al 2003 , Krapf et al 2006 . The sputtering is angled on both sides of the membrane due to the intensity distribution around the central intense point, and consequently as sputtering continues an 'hour-glass' shape is created. As a result of this, the width of the pore is determined by the narrow section of this 'hour-glass'. This is illustrated in figure 3 , where this sputtering results in an angle, θ , which depends on the thickness of the membrane. In the case of the 50 nm thick silicon nitride, the narrowest width of the nanopore is located 22 ± 6 nm above the bottom surface of the membrane.
Further expansion of the pore causes the narrow sharp edge of the 'hour-glass' to flatten. As is evident schematically from figure 3(e), a region of the membrane, l, becomes completely perpendicular to the membrane surface and the sputtering angle, φ, on both sides of the membrane typically changes. The variables l and φ depend on the thickness of the membrane.
Reduction of the e-beam intensity, to ∼10 6 e nm −2 , results in a rapid contraction of the nanopore. At these lower energy beam intensities, atom sputtering is suppressed and nanopore shrinking is driven by the surface tension effect of the fluidized atoms on the SiN membrane (Storm et al 2003) . To minimize surface energy, the atoms migrate to the flat region, l, of the nanopore, resulting in a reduction in the nanopore diameter (Storm et al 2003) . This process is illustrated in figure 3 . Eventually this process may cause the pore to completely close. In the case of 50 nm thick silicon nitride membrane, we find that θ is 132.7
• ±12.4
• at the initial formation of the nanopore, while l and φ are 30.4 ± 2.3 nm and 25.3
• ±8.6
• , respectively, after further expansion. • tilt in z-y and z-x planes, (c) a bisectional view of initial formation of solid-state nanopore, (d) that of a further expanded nanopore by high intensity electron beam, and (e) a schematic of the cross-sectional view of the initial nanopore and of a nanopore that has been expanded and then shrunk (red dotted lines). The scale bars are 10 nm.
To further investigate the effect of surface-tension-induced contraction on nanopore kinetics, we fabricated and tested five different thicknesses of silicon nitride membrane (10, 20, 30, 40 and 50 nm) . Nanopore contraction depends strongly on the thickness of the membrane, as well as on the initial size of the pore. We investigate these parameters by forming different size nanopores using a high intensity e-beam, as explained, followed by intensity reduction to 10 6 e nm −2 . Figure 4 shows the nanopore contraction rate for two different initial sized nanopores (5 and 10 nm) as a function of the membrane thickness. Our data clearly indicates that: (a) contraction rate is larger for thinner membranes and (b) the rate is approximately linear in time. Interestingly, we were not able to contract 5 nm pores made in 10 nm membranes, or 10 nm pores in 20 nm membranes: these pores always expanded.
The dependence of the linear contraction rate on SiN membrane thickness for the two nanopore sizes is shown in figure 5 . The thinner the membrane the faster the contraction rate, at the fixed e-beam intensity. The contraction rate depends linearly on membrane thickness with a slope of 0.0043 s −1 for 5 nm initial sized pore and 0.0030 s −1 for 10 nm initial sized pore. In the most simplistic view these rates should be roughly equal, since the experiments were performed at a constant ebeam intensity. We attribute the minor difference in these rates to finite size effects in our system, but a full delineation of this result requires further studies. In addition, we note that, by comparison to previous studies (Storm et al 2003) , contraction rates differ significantly upon material properties (e.g. silicon nitride and silicon dioxide).
To explain nanopore contraction/expansion kinetics we introduce a simplified model consisting of two processes: (1) nanopore expansion through atom sputtering, which is predominant at the higher e-beam intensities and (2) surfacetension-driven nanopore contraction, dominant at the lower ebeam intensities. Our results show that the rate of nanopore contraction is linear in time, and that this rate is higher for thinner membrane thicknesses. These results can be qualitatively accounted for by the following arguments. The sputtering rate, σ (atoms sputtered per second), is a property of the material and a strong function of the e-beam intensity. If one assumes that the effective beam radius, φ, is larger than the initial nanopore radius, r , the resulting nanopore expansion rate is given by
As observed in the experiment, for lower beam intensities, dr/dt becomes negative (contraction). This is due to the fact that σ is strongly suppressed and the surface tension effect becomes predominant. In this regime the electron beam intensity fluidizes the thin Si 3 N 4 membrane and the nanopore kinetics can be approximated as an effective 'hole' in a nearly two-dimensional fluid. Following recent analysis by Wu et al (2006) we approximate the Si 3 N 4 membrane structure as a collection of infinitely thin two-dimensional discs. Furthermore these discs are assumed to contract with a uniform velocity and negligible interfacial friction between neighbouring discs. This simple model leads to a stationary nanopore contraction rate given by Wu et al (2006) :
where γ is the surface tension of the (fluidized) SiN, η is its temperature-dependent viscosity and r d is the radius of curvature along the cylindrical axis. Because the nanopore shape is nearly cylindrical we assume that in all cases r/r d 1, and therefore the contraction rate is approximately −γ /4η(T ). The constant contraction rates (r independent) are supported by our data, which are in all cases nearly linear in time (see figure 4) . Moreover, since the fluidized silicon nitride material is known to exhibit strong viscosity temperature dependence, the steady state temperature of the material determines the contraction rate. If the e-beamirradiated membrane temperature is determined by the balance of e-beam 'absorption' and heat loss proportional to the area of the cylindrical nanopore ( A = 2πrh), then larger pores or thicker membranes dissipate more heat and thus are cooler as compared with smaller pores or thinner membranes. Therefore the membrane viscosity increases with A, and larger pores or thicker membranes result in slower pore contraction kinetics, in agreement with our linear dependence shown in figures 4 and 5.
Surface-tension-driven contraction also implies that there is a critical radius at which contraction does not occur and for a membrane of thickness h contraction only occurs if r < h/2 (Storm et al 2003 , Wu et al 2005 . We have recently determined that for 'hour-glass' shaped nanopores the critical radius is determined by the effective membrane thickness, l, shown in figure 3 (Kim et al 2006) . For example, we find that for a 50 nm thick membrane, l is found to be 30.4 ± 2.3 nm. Therefore based on the surface tension model we can say that the initial diameter of the pore can be no larger than ∼16 nm (∼l/2) for contraction to occur (Kim et al 2006) . This explains why we have not been able to observe nanopore contraction for 5 nm pores in 10 nm membranes, or 10 nm pores in 20 nm thick membranes (figure 5).
In conclusion, nanopore formation of silicon nitride membranes of different thicknesses have been characterized experimentally and their contraction rates have been determined accordingly. TEM tomography has been found to be an extremely informative tool to determine the three-dimensional structure of the solid-state nanopores. Our study leads to a greater insight into the nanopore formation dynamics, and advances our ability to tailor nanopores for various applications in nanobiotechnology.
